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Summary  Copper  based  shape  memory  alloy  exhibits  high  transformation  temperature  and
ability to  differ  the  achieved  properties  through  alloying  additions.  A  quaternary  Cu—Al—Be—Mn
shape memory  alloys  of  0.2—0.4  wt%  of  manganese,  0.4—0.5  wt%  of  Beryllium  and  10—14  wt%
of aluminium  with  remaining  copper,  showing  -phase  at  higher  temperature  and  show  shape
memory effect  when  quenching  to  lower  temperatures,  SMA’s  were  prepared  by  induction  melt-
ing. The  objective  is  to  study  the  effect  of  thermal  ageing  at  different  temperatures  Af (above
austenitic  phase  ﬁnish  temperature)  and  at  different  time  on  shape  memory  effect  and  trans-
formation temperatures.  The  aged  specimens  or  SMA’s  were  studied  by  DSC,  OM  and  hardness
measurements.  The  results  from  this  study  help  to  ﬁnd  the  applications  in  different  thermal
conditions.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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IntroductionShape  memory  alloys  are  the  metallic  group  of  mate-
rials  and  these  materials  are  used  in  many  application
 This article belongs to the special issue on Engineering and Mate-
rial Sciences.
∗ Corresponding author. Tel.: +91 9448175427.
E-mail addresses: agssit@rediffmail.com
(A.G. Shivasiddaramiah), usm sit@yahoo.co.in (U.S. Mallik),
devaraj697@gmail.com (S. Devaraju), spsit@rediffmail.com
(S. Prashantha).
e
i
b
o
n
i
e
A
m
s
t
5
http://dx.doi.org/10.1016/j.pisc.2016.04.011
2213-0209/© 2016 Published by Elsevier GmbH. This is an open access art
licenses/by-nc-nd/4.0/).censes/by-nc-nd/4.0/).
elds  as  it  is  capable  of  recovering  its  initial  shape  when
xposed  to  variation  of  temperature  or  stress.  Understand-
ng  of  their  microstructure  and  thermal  behaviours  has
rought  a  major  impact  on  their  applications,  as  in  case
f  aerospace,  automotive  and  robotics  components  are
eeded  to  achieve  further  improvement  in  the  properties  as
t  require  higher  transformation  temperatures  (Prashantha
t  al.,  2015;  Chentouf,  2010;  Mallik  and  Sampath,  2009).
ged  Cu—Al—Mn  SMAs  results  in  transformation  of  ˇ′1
artensite  to   ′1  martensitic  which  leads  to  change  in  the
hape  memory  characteristics  and  transformation  tempera-
ures  (Matsushita  et  al.,  1985).  Cu—Al—Mn  Alloys  aged  above
00 ◦C  do  not  show  martensitic  transformation,  because  of
icle under the CC BY-NC-ND license (http://creativecommons.org/
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ormation  of  large  quantities  of  precipitates  (Mallik  and
ampath,  2008).
Cu—Al—Be—Mn  alloys  show  good  strain  recovery  and
hape  memory  effects.  Microstructure  of  as-cast  specimens
hows  austenitic  microstructure  and  after  quenching  same
pecimens  shows  completely  lath  martensitic  microstruc-
ure  (Shivasiddaramaiah  et  al.,  2015).
xperimental setup
 quaternary  Cu—Al—Be—Mn  shape  memory  alloys  of
.2—0.4  wt%  of  manganese,  0.4—0.5  wt%  of  beryllium  and
0—14  wt%  of  aluminium  with  remaining  copper  were  taken
rom  their  respective  pure  metal  ingots  by  weight  percent-
ge  are  melted  in  induction  furnace  under  argon  atmosphere
hen  molten  alloys  were  poured  into  a  pre-heated  cast-
ron  mould  and  allow  to  solidify.  These  prepared  ingots
ere  kept  at  900 ◦C  for  4  h  for  the  homogenization  and
hen  passed  between  the  rollers  at  900 ◦C  to  achieve  a  uni-
orm  thickness  of  approximately  1  mm.  These  rolled  strips
ere  then  betatized  at  900 ◦C  for  30  min  and  followed  by
tep  quenching  at  boiling  water  (100 ◦C)  and  then  water  at
oom  temperature  (∼26 ◦C).  Microstructures  of  the  speci-
ens  were  analyzed  through  optical  microscope  to  ensure
artensite  formation  and  shape  memory  effect  was  found
y  using  bend  test.  The  transformation  temperatures  for  the
btained  SMA’s  were  determined  by  differential  scanning
alorimeter  (DSC)  by  controlling  a  heating/cooling  rate  at
0 ◦C/min.  then  the  alloys  were  subjected  to  thermal  ageing
or  different  holding  ranges  from  1  to  4  h  with  varying  tem-
eratures.  The  microstructure  changes  with  the  formation
f  precipitates  were  analyzed  through  optical  microscopy
nd  transformation  temperature  were  study  by  differential
canning  calorimeter  (DSC).  The  effect  of  ageing  on  hardness
as  determined  by  micro  hardness  testing  machine.
esults and discussion
hemical  composition,  transformation
emperatures  and  shape  memory  effect
he  chemical  compositions  of  all  the  alloys  and  their
orresponding  transformation  temperature  with  SME  are
abulated  in  Table  1.  For  composition  analysis  homogenized
ngot  is  analyzed  by  Optical  Emission  Spectrophotometer.
his  ingot  was  hot  rolled,  betatized  and  step  quenched,  alloy
ample  of  about  ∼1  mm  thicken  5  mm  diameter  were  taken
or  the  test  to  determine  the  Transformation  temperatures
.e.  Ms,  Mf,  As,  and  Af of  the  alloy  using  Differential  Scanning
e
m
a
1
Table  1  Chemical  composition,  transformation  temperatures  and
Alloy  ID  Chemical  composition  in  wt%  
Cu  Al  Be  Mn  
CABM  1  87.93  11.36  0.44  0.27  
CABM 2  87.77  11.47  0.45  0.31  
CABM 3  87.66  11.47  0.46  0.30  
CABM 4  87.49  11.72  0.47  0.32  igure  1  Optical  micrograph  of  alloy  sample  CABM  4  ageing
t 250 ◦C  (a)  after  1  h  ageing,  (b)  after  2  h  ageing,  (c)  after  3  h
geing,  (d)  after  4  h  ageing.
alorimeter  under  inert  gas  atmosphere,  adopting  heating
nd  cooling  rate  of  10 ◦C/min.
The  step  quenched  specimens  of  1  mm  thick  were  bend
o  U-shape  in  the  martensitic  phase  it  will  be  spring  back
fter  unloading  at  an  angle  e, then  it  is  heated  to  their
ustenitic  temperature,  it  will  recover  an  angle  m due  to
train  recovery.  Shape  memory  effect  is  calculated  by  using
elation  (m/180  −  e).
geing  behaviour  of  the  Cu—Al—Be—Mn  SMA
ll  Cu—Al—Be—Mn  alloy  samples  were  subjected  to  work
geing  at  above  austenitic  phase  ﬁnish  of  the  alloy  at  250 ◦C
nd  500 ◦C  for  1  h,  2  h,  3  h  and  4  h  is  then  cooled  under  nor-
al  atmosphere.  Then  all  aged  samples  were  studied  for
he  microstructure,  mainly  the  rate  of  precipitates  formed,
ransformation  temperature  and  hardness.
icrostructural  analysis
ll  the  aged  samples  were  prepared  for  the  study  of
icrostructure,  are  polished  and  etched  in  the  K2Cr2O7
 8  ml  H2SO4 —  2  ml  HCl  —  100  ml  H2O  solution,  samples
re  studied  under  optical  microscope.  The  aged  samples  in
50 ◦C  were  observed  that,  ageing  time  is  increases  precip-
tate  size  also  increases  (Fig.  1).
ransformation  temperature  after  ageing
he  alloy  specimens  aged  at  250 ◦C  were  tested  under  differ-
ntial  scanning  calorimeter  to  determine  the  phase  transfor-
ation  temperatures  i.e.,  Ms, Mf,  As and  Af, various  temper-
tures  are  shown  in  Table  2. It  can  be  observed  that,  after
 h  ageing,  both  the  phase  transformation  temperatures  are
 shape  memory  effect  of  Cu—Al—Mn—Be  alloys.
Transformation  temperature  in ◦C  SME  %
Ms Mf As Af
22.18  36.63  37.48  53.42  82
23.36  37.43  39.54  55.38  88
24.66  40.44  42.80  59.36  84
26.18  34.56  30.12  44.28  92
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Table  2  Transformation  temperature  of  aged  samples  CABM  4.
Ageing  time  Aged  at  250 ◦C  Aged  at  500 ◦C
Ms Mf As Af Ms Mf As Af
1  24.13  42.67  45.67  58.23  29.52  44.24  52.13  69.25
2 27.67 43.12 49.27  63.17  34.34  49.04  57.21  71.18
3 28.74 45.62 51.32 66.00  37.23  52.05  62.15  77.13
4 31.22 47.63 54.43 69.89 39.82 54.15 67.14  82.23
Table  3  Variation  in  SME  after  bend  test.
Alloy  ID  SME  %  (before
ageing)
SME  %  (aged  at  250 ◦C)  SME  %  (aged  at  500 ◦C)
After  1  h
ageing
After  2  h
ageing
After  3  h
ageing
After  1  h
ageing
After  2  h
ageing
After  3  h
ageing
CABM  1 82  78  67  54  63  50  39
CABM 2 88  81  70  57  75  62  51
CABM 3 84  79  69  54  72  60  47
59  76  59  46
Figure  2  The  DSC  curve  of  aged  sample  at  250 ◦C  (a)  ageingCABM 4 92  83  71  
increased.  Transformation  temperatures  values  are  maxi-
mum  at  2  h  ageing.  More  ageing  duration  leads  to  poor
shape  memory  strain  recovery.  The  peak  of  endothermic  and
exothermic  proﬁles  of  DSC  are  shown  in  Fig.  2.
Shape  memory  effect  after  ageing
Shape  memory  effect  of  the  alloys  are  depends  on  various
temperature  and  time,  are  determined  by  bend  test.  It  can
be  seen  that  with  increase  in  ageing  time  and  temperature,
which  results  in  increased  precipitate  formation.  This  pre-
cipitation  changes  the  composition  of  the  alloy.  Due  to  this
decreases  the  strain  recovery  by  shape  memory  effect.  The
variations  in  SME  after  ageing  at  250 ◦C  and  500 ◦C  for  various
durations  are  shown  in  Table  3.
Micro  hardness  test
The  aged  specimens  are  subjected  to  micro  hardness  test  at
a  load  of  50  g  for  10  s  for  examine  the  change  in  mechanical
properties  of  the  aged  materials  at  different  temperature
and  time.Variations  of  VHN  of  Cu-Al-Be—Mn  SMA  are  tabulated
below  Table  4.  The  hardness  and  precipitates  in  the  alloy
increases  with  increasing  ageing  duration.  Higher  ageing
temperature  avoids  the  imperfection  by  moving  and  ﬁlling
at 1  h,  (b)  ageing  at  2  h,  (c)  ageing  at  3  h,  (d)  ageing  at  4  h.
Table  4  Variation  in  VHN  of  Cu—Al—Be—Mn  SMA  (before  and  after  ageing).
Alloy  ID  VHN  (before
ageing)
VHN  (aged  at  250 ◦C)  VHN  (aged  at  500 ◦C)
After  1  h
ageing
After  2  h
ageing
After  3  h
ageing
After  4  h
ageing
After  1  h
ageing
After  2  h
ageing
After  3  h
ageing
After  4  h
ageing
CABM  1  240  294  312  340  347  308  342  350  368
CABM 2  255  301  317  331  442  342  367  377  432
CABM 3  269  334  378  396  475  373  402  420  450
CABM 4  320  340  391  402  482  402  426  444  484
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MFigure  3  VHS  vs  composition  of  Be  in  w
he  empty  space  thereby  harden  the  alloy.  The  variation
f  ageing  time  and  temperature  with  hardness  is  given  in
ig.  3(a)  and  (b)  in  the  graph.
onclusions
 Thermal  Ageing  of  Cu—Al—Be—Mn  quaternary  alloy  in  the
austenitic  phase  of  the  alloys  helps  to  the  formation  of
various  precipitates  and  has  a  major  effect  on  the  trans-
formation  temperatures  of  the  alloys.
 The  transformation  temperature  also  increases  with  age-
ing.
 The  transformation  temperature,  hardness  and  precipi-
tate  formation  rate  rises  with  increase  in  temperature  and
time
 The  strain  recovery  by  SME  decreases  with  increase  in
ageing  time  due  to  increase  in  the  amount  of  precipitates.
P
Sa)  ageing  at  250 ◦C,  (b)  ageing  at  500 ◦C.
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